In plants, unisexual flowers derived from developmental sex determination form separate stamens and pistils that facilitate cross pollination. In cucumber and melon, ethylene plays a key role in sex determination. Six sex determination-related genes have been identified in ethylene biosynthesis in these Cucumis species. The interactions among these genes are thought to involve ethylene signaling; however, the underlying mechanism of regulation remains unknown. In this study, hormone treatment and qPCR assays were used to confirm expression of these sex determination-related genes in cucumber and melon is ethylene sensitive. RNA-Seq analysis subsequently helped identify the ethylene responsive factor (ERF) gene, CsERF110, related to ethylene signaling and sex determination. CsERF110 and its melon ortholog, CmERF110, shared a conserved AP2/ERF domain and showed ethylene-sensitive expression. Yeast one-hybrid and ChIP-PCR assays further indicated that CsERF110 bound to at least two sites in the promoter fragment of CsACS11, while transient transformation analysis showed that CsERF110 and CmERF110 enhance CsACS11 and CmACS11 promoter activity, respectively. Taken together, these findings suggest that CsERF110 and CmERF110 respond to ethylene signaling, mediating ethylene-regulated transcription of CsACS11 and CmACS11 in cucumber and melon, respectively. Furthermore, the mechanism involved in its regulation is thought to be conserved in these two Cucumis species.
Introduction
The plant hormone ethylene is a simple gas that is involved in a number of developmental processes and physiological responses, including seed germination, flowering, fruit ripening, senescence, abscission, and responses to abiotic stresses and pathogen attack (Guo and Ecker, 2004; Liu et al., 2016) . Ethylene biosynthesis starts with methionine followed by sequential catalytic reactions with S-adenosylmethionine (SAM) synthetase, 1-aminocyclopropane-1-carboxylate (ACC) synthase (ACS), and ACC oxidase (ACO), which produces ethylene (Yang and Hoffman, 1984; Kende, 1993) . After biosynthesis, ethylene signaling induces a conserved linear transduction pathway that ultimately activates the primary transcription factor ETHYLENE INSENSITIVE 3/ EIN3-LIKE (EIN3/EIL) and secondary transcription factor ethylene response factor (ERF), which subsequently initiate expression of downstream ethylene-responsive genes (Zhang et al., 2009; Klee and Giovannoni, 2011; Liu et al., 2016) .
ERFs are plant-specific transcription factors characterized by the presence of an AP2/ERF-type DNA-binding domain and functioning as trans-acting factors in the last step of ethylene signaling (Lin et al., 2009; Klee and Giovannoni, 2011) . Numerous ERF proteins are involved in plant developmental processes and responses to stress via specifically interacting with cis-acting elements such as the GCC box (a core sequence of AGCCGCC) or DRE/CRT motif (a core sequence of CCGAC) found in the promoters of ethyleneresponsive genes, suggesting that transcriptional regulation is important in the ethylene response (Zhang et al., 2009; Li et al., 2016) . For example, in tomato (Lycopersicon esculentum) and tobacco (Nicotiana tabacum), LeERF2/TERF2 acts with the GCC box or DRE motif to induce expression of ethylene biosynthesis genes (Zhang et al., 2009) . In banana (Musa acuminate), MaERF9 binds to the MaACS1 promoter to promote activity, while MaERF11 interacts with the promoters of both MaACS1 and MaACO1 to suppress activity (Xiao et al., 2013) . Similarly, in apple (Malus domestica), MdERF2 acts with the MdACS1 promoter to suppress transcription, while MdERF3 increases transcription by directly binding to the MdACS1 promoter . These studies strongly suggest that ERF proteins play a key role in ethylene biosynthesis by regulating transcription of ACS and ACO genes.
It is well known that ethylene controls flower sex types in cucumber and melon, and it has been used to induce female flowers in horticultural production for decades (Rudich et al., 1969; Tsao, 1988; Yin and Quinn, 1995) . Five normal sex types have been categorized in these two Cucumis species according to the distribution of unisexual female/male flowers or bisexual (perfect) flowers in a single plant: monoecious (bearing male and female flowers), gynoecious (female flowers only), androecious (male flowers only), hermaphrodite (bisexual flowers only), and andromonoecious (male and bisexual flowers) (Galun, 1961; Shifriss, 1961; Kubicki, 1969a,b,c) . In cucumber, application of exogenous ethylene, ethylene releasing agent (ethephon), or the ethylene precursor ACC promotes the formation of female flowers in monoecious plants (Yamasaki et al., 2003) , while interference with ethylene synthesis (with aminoethoxyvinyl-glycine; AVG) or signaling (with AgNO 3 ) induces male flowers in gynoecious plants (Takahashi and Jaffe, 1983) . In addition, high endogenous ethylene concentrations as well as elevated expression of CsACS1, CsACS2, CsACS11, and CsACO2 genes were also found to be correlated with the formation of female flowers and gynoecious cucumber (Knopf and Trebitsh, 2006; Saito et al., 2007; Boualem et al., 2015; Chen et al., 2016) . There is, therefore, a close correlation among increasing ethylene concentrations, induced expression of ACS and/or ACO genes, and female development in cucumber plants.
Cucumber and melon are two major species of Cucumis, both sharing similar gene pathways that control phenotypes. Of these pathways, the genes involved in sex determination are highly orthologous and conserved. To date, genetic mutations and transformation analyses have allowed cloning of some of the genes involved in sex determination in both cucumber and melon. For example, CsACS2 and CmACS7 correspond to the m (andromonoecious) loci in these two species, respectively, with mutant plants bearing bisexual flowers (Boualem et al., 2008 Li et al., 2009) . Mutations of the CsACS11 or CmACS11 gene, which correspond to the a (androecy) loci, produce male flowers and androecious plants (Boualem et al., 2015) , while similar androecious plants occur with mutation of CsACO2 in cucumber (Chen et al., 2016) . Moreover, the recessive mutant Cmwip1 in melon, which corresponds to the g (recessive gynoecious) locus, produces gynoecious melon (Martin et al., 2009) . Although no natural mutant of the g locus has yet been described in cucumber, CRISPR/Cas9 analysis suggests that its orthologous gene, CsWIP1, is related to arrested carpel development via directly depressing CsACO2 expression (Chen et al., 2016; Hu et al., 2017) . Moreover, in cucumber, duplication of the CsACS1 gene (CsACS1G) also corresponds to the dominant F (female) locus for gynoecy (Knopf and Trebitsh, 2006; Zhang et al., 2015) .
Genetic studies suggest that sex determination-related genes interact with each other to produce the final sex phenotype. In cucumber, the F locus, which encodes CsACS1G, interacts with the M locus, which encodes CsACS2, to produce gynoecious plants. Meanwhile, the F locus interacts with the mutant m locus to give hermaphrodite plants, while the mutant f locus together with M and A loci forms monoecious plants. Lastly, mutant combinations of all three loci produce androecious plants (Galun, 1961; Shifriss, 1961; Kubicki, 1969a,b,c) . In melon, CmACS11 is thought to be an upstream gene, negatively regulating expression of CmWIP1, which then negatively regulates expression of CmACS7 (Switzenberg et al., 2014; Boualem et al., 2015) . In addition to the allelic relationship, expression switch of a given gene also influences sex expression. For example, proper CsACS2 expression is dependent on CsACS11 (Chen et al., 2016) , whereby the M gene is not expressed in the background of ffMMaa, and both ffMMaa and ffmmaa correspond to androecious plants (Kubicki 1969a) . In monoecious and andromonoecious plants, male flowers are thought to result from non-expression of CsACS11 and CsACS2, while female flowers develop because of CsACS11 expression with repression of CsWIP1 (Boualem et al., 2015) .
Thus, all the current findings suggest direct or indirect interaction among relevant genes. However, because major sex determination-related genes function in ethylene biosynthesis, direct interaction among encoded enzymes at the transcriptional level seems unlikely. An alternative possibility is that these interactions are mediated by ethylene signaling, with expression of relevant genes playing a role in ethylenesensitive transcriptional regulation. Previous studies suggest that ethylene induces CsACS2 and inhibits CmWIP1 expression in cucumber and melon, respectively (Li et al., 2012; Switzenberg et al., 2014) . In this study, we therefore analyse the potential interaction between ethylene (or its signals) and sex determination-related genes, and attempt to determine the direct mediator (for example, ERF).
Materials and methods

Cucumber and melon material
The well-studied inbred gynoecious cucumber line Gy14 (FFMMAA) was used for isolation of the CsACS2, CsACS11, and CsERF110 genes and relevant promoter fragments. Using Gy14, we previously generated three independent f gene spontaneous mutants (ffMMAA, 'gynoecy-lost' lines, see Discussion) . In this study, all three f mutant lines, Gy14-M-17, Gy14-M-42, and Gy14-M-63, were used for gene expression analysis. Another f mutant, M06 (ffMMAA), and its wildtype (WT) G06 (FFMMAA; Zhang et al., 2015) were also used to confirm exogenous ethylene-induced gene expression. Two M/m-related NILs (G34 and H34, WI1983G and WI1983H; Li et al., 2009) were used for RNA-Seq and gene expression analysis. The inbred monoecious melon line 0426 (MMAAGG) was used for cloning of CmERF110 and CmACS11 and the promoter sequence, and for confirmation of exogenous ethylene-induced gene expression. All cucumber and melon lines were maintained by inbreeding at the College of Horticulture at Northwest A&F University, Yangling, China. Conditions for germination and growth were according to Li et al. (2009) .
Primary transcriptome profiling of the WT and mutant cucumber lines with RNA-Seq
Four-leaf-stage seedlings of F/f-related plants (Gy14 and the three f mutants) and M/m-related NILs (G34 and H34, WI1983G and WI1983H) were used for RNA-Seq. Apical shoots of all plants were excised under a stereomicroscope (Olympus, Japan) to separate them from any immature leaves. At least five shoots were pooled as one sample, and the three f mutants were analysed as three biological replicates. For primary profiling and initial exploration of potential genes, one sample per genotype was analysed with RNA-Seq. RNASeq libraries were constructed using the NEBNext Ultra Directional RNA Library Prep kit (NEB) following the manufacturer's instructions, then sequenced on an Illumina HiSeq 2000 machine. Genes showing at least a 2-fold change in expression between the WT and mutant lines and a false discover rate (FDR) of less than 0.05 were considered differentially expressed genes (DEGs).
Cloning of genes and relevant promoters
Total RNA was isolated from the apical shoots of cucumber Gy14, Gy14-M-17, Gy14-M-42, Gy14-M-63, G06, M06, and melon 0426 lines at the four-leaf stage. Reagents for RNA extraction were purchased from Tiangen (China). DNase I (Takara, China) was used to remove contaminating DNA, and first-strand cDNA was synthesized with a RevertAid TM first-Strand cDNA Synthesis Kit (Fermentas, China). The coding region of the target gene was amplified using a Long Distance PCR Kit (Takara, China) with appropriate primers (see Supplementary Table S1 at JXB online), and positive results were confirmed by sequencing of subclones. The gene sequence of CsERF110 was amplified from cucumber Gy14 cDNA and CmERF110 from melon 0426 cDNA with exogenous ethylene treatment.
To isolate the CsACS2, CsACS11, and CmACS11 promoters, genomic DNA of the cucumber Gy14 line and melon 0426 line at the four-leaf stage were extracted as described previously (Li et al., 2008) . The promoter fragments of CsACS2 and CsACS11 from Gy14, and fragment of CmACS11 promoter from 0426 were amplified using a Long Distance PCR Kit (Takara, China) with appropriate primers (see Supplementary Table S1 ) and sequenced. Putative cis-acting elements in the CsACS11 promoter were identified by searching the PlantCARE database (Lescot et al., 2002) .
Protein sequence alignment and phylogenetic analysis
Protein sequences of nine well-studied functional ERFs were downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov). The CsERF110 sequence was used to search against the Cucurbit Genomics Database (http://cucurbitgenomics.org/) to identify the ortholog in melon. Multiple sequence alignment of full-length predicted protein sequences was performed using ClustalW (http:// www.ebi.ac.uk/Tools/clustalw2). An unrooted neighbor-joining phylogenetic tree was constructed using MEGA 5.10 software with 1000 bootstrap replications, pair-wise deletion, and a Poisson model. Gene information is listed in Supplementary Table S2 .
Generation of transgenic tobacco plants
Sterile-grown tobacco (N. benthamiana) seedlings were used for Agrobacterium-mediated transformation. Promoter sequences of CsACS11 (1995 bp) and CmACS11 (1494 bp) were amplified and cloned into pCAMBIA1381 vectors , and the recombinant plasmids introduced into A. tumefaciens and transformed into tobacco as described by Hoekema et al. (1983) . Transgenic plants were screened on Murashige and Skoog (MS) medium with kanamycin and identified by PCR. Positive plants were designated T-pCsACS11 and T-pCmACS11, respectively. The transgenic plants were self-pollinated to obtain homozygous T 2 offspring for ethephon and infiltration assays. WT and transgenic tobacco plants were grown at 25 °C in a growth chamber with 14 h daylight. Primers used in vector construction and PCR are listed in Supplementary Table S1 .
Gene expression analysis and subcellular localization
Cucumber and melon RNA extraction and first-strand cDNA synthesis were carried out as described previously (Li et al., 2012) . qPCR was performed in a 96-well plate using an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, USA), with SYBR Green Realtime PCR Master Mix (TaKaRa, China). Amplification was performed as described previously (Li et al., 2012) . Three apices were harvested and mixed as a biological replicate for RNA extraction. Three biological and three technical replicates were used per gene. For qPCR, the expression consistency of reference genes, CsACTIN2 and CsACTIN3, were compared first, then CsACTIN2 was used to normalize the expression data. Semi-qRT-PCR was performed for 30 cycles (94 °C, 30 s; 55 °C, 30 s; 72 °C, 30 s) and the resulting products separated on 1% agarose gel stained with ethidium bromide. Cucumber CsACTIN2 was also examined under identical conditions to confirm equal loading of RNA. Gene-specific primers are listed in Supplementary Table S1 .
For subcellular localization of CsERF110, the full-length coding DNA sequence (CDS) was inserted into the pBI221 vector using the constitutive CaMV35S promoter, resulting in in-frame fusion with green fluorescent protein (GFP) at the N-terminus (Wang et al., 2017) . The recombinant plasmid was bombarded into singlelayer onion epidermal cells using a PDS-1000/He Particle Delivery System (Bio-Rad, USA) following the manufacturer's instructions. Fluorescence was analysed for GFP expression using a confocal microscope (FV10-ASW, Olympus, Japan).
Chemical treatments
To determine the effect of ethylene on gene expression, ethephon was applied to transgenic tobacco, cucumber, and melon plants at various concentrations. AgNO 3 and AVG were also applied to the cucumber Gy14 line. Ethephon, AgNO 3 , and AVG were purchased from Sigma (China). All chemical treatments were performed as described previously (Li et al., 2012) .
Ethephon treatment of transgenic plants
Briefly, 0.5 mM ethephon in water containing 0.1% (v/v) Tween-20 was sprayed onto abaxial surfaces of leaves of transgenic tobacco plants, then 2 h later the leaves were harvested for β-glucuronidase (GUS) staining. Identical treatment with water containing 0.1% (v/v) Tween-20 was used as a control. Ethephon treatment was conducted at the four-leaf stage (for CsERF110) or eight-leaf stage (for CmERF110). Each treatment was repeated in at least 10 leaves from five individuals.
Ethephon treatment of cucumber and melon plants
Apical shoots of four-leaf-stage cucumber M06, Gy14-M-63, and melon 0426 seedlings were analysed. For cucumber lines, the apical shoots were soaked in water containing 0.1 mM ethephon with 0.1% (v/v) Tween-20 for 4 h. For melon lines, apical shoots were soaked in water containing 0.1, 0.5, and 1.0 mM ethephon with 0.1% (v/v) Tween-20 for 2, 4, and 6 h, respectively. Three apices were harvested and mixed as a biological replicate for RNA extraction, and three biological replicates obtained for each treatment. To exclude the effect of anaerobic stress, only the apical bud and two adjacent unexpanded leaves were soaked in water. In each treatment, samples soaked for an identical time (i.e. 2, 4, or 6 h) in water containing 0.1% (v/v) Tween-20 were used as the respective controls.
AgNO3 and AVG treatment of cucumber plants
Aliquots of 50 µl of 1.0 mM AgNO 3 and 1.0 mM AVG in H 2 O containing 0.1% (v/v) Tween-20 were applied to the apices of cucumber Gy14 seedlings at the four-leaf stage using a micropipette once a day for 3 d. Treatment with water containing 0.1% (v/v) Tween-20 was used as a control. Five apices were harvested and mixed as a biological replicate for RNA extraction, and three biological replicates obtained for each treatment.
Yeast one-hybrid (Y1H) assay
Each fragment of the CsACS11 promoter (full-length, −1995 to −1; P1 fragment, −526 to −1; P2 fragment, −476 to −1) and the fulllength CsACS2 promoter were ligated into the pAbAi vector, and the CDS of CsERF110 was cloned into the pGADT7 vector. The Y1H assay was conducted using the Matchmaker TM Gold Yeast OneHybrid Library Screening System kit (cat. no. 630491, Clontech). Three concentrations (30, 60, and 90 mM) of 3-amino-1,2,4-triazole (3-AT) were used to inhibit false-positive results. The empty pGADT7 plasmid was transformed as a negative control. Primers used are listed in Supplementary Table S1 .
Transient expression assay and GUS staining
The CDSs of CsERF110 and CmERF110 were cloned into the pGreen-35S:GFP vector to generate the effector constructs 35S:CsERF110-GFP and 35S:CmERF110-GFP, respectively. Reporter constructs were the same plasmids used in tobacco transformation. For the transient expression assay, reporter and effector vectors harboring CsERF110 and CmERF110 were transformed into A. tumefaciens GV3101 and incubated in LB medium until OD 600 ≈ 0.5. The cell culture was collected by centrifugation, resuspended (buffer: 10 mM MES, 10 mM MgCl 2 , 150 µM acetosyringone), then placed in the darkness for 3 h. The strain containing effector vector CsERF110 was first infiltrated into the leaves of transgenic tobacco plants harboring the CsACS11 promoter . Cell culture mixture containing the reporter and effector vectors at a ratio of 1:9 was co-infiltrated into WT tobacco leaves (Yin et al., 2010) . Infiltration with A. tumefaciens was conducted at the four-leaf stage (for CsERF110) or eight-leaf stage (for CmERF110). Each infection was repeated at least 10 times and in five individuals. After growth in a growth chamber for 2 d, the infected leaves were used for GUS staining according to Zhang et al. (2009) . Primers used for construction of effector constructs are listed in Supplementary Table S1 .
ChIP-PCR analysis
For ChIP-PCR assays, transgenic tobacco leaves infiltrated with the 35S:CsERF110-GFP effector and 35S:GFP control in the transient expression assay were harvested. Positive infiltration was confirmed by GFP signals using a fluorescence microscope (BX63, Olympus, Japan). ChIP assays were performed as described by Chen et al. (2016) using an anti-GFP antibody (Beyotime, China). After ultrasonic treatment, 20 µl DNA samples from effector and control infiltration were extracted for 'input DNA' control. The amount of immunoprecipitated chromatin was first examined by semi-qRT-PCR then by qPCR in triplicate, and the 'input DNA' control used to normalize the results. Semi-qRT-PCR was conducted using 1 µl DNA dilutions from ChIP as a template, and performed for 40 cycles (94 °C, 30 s; 55 °C, 30 s; 72 °C, 30 s). The products were separated on 1% agarose gel stained with ethidium bromide. qPCR conditions were the same as those in gene expression analysis, with 1 µl of immunoprecipitated chromatin as the template. Primers used are listed in Supplementary Table S1 .
Results
Ethylene induces expression of sex determinationrelated genes in cucumber and melon
We previously identified three independent f gene mutants ('gynoecy-lost' lines, see Discussion). These mutants were used to study the transcriptional changes in other sex determination-related genes. As a result, CsACS1, CsACS11, and CsACS2 showed down-regulated expression, with up-regulation of CsWIP compared with WT plants (Fig. 1A ). M06 and its WT (G06) were then used to repeat the above analysis, revealing similar results (Fig. 1B) . Down-regulation of CsACS1 could be the result of loss of the gynoecy-controlling copy of CsACS1G (see Discussion). The lost transcript of CsACS2 and enhanced expression of CsWIP1 also agree with the model of sex determination in cucumber (Li et al., 2012; Boualem et al., 2015) . The observed down-regulation of CsACS11 is therefore of interest.
We then analysed whether expression of CsACS11 is induced by ethylene. In the cucumber M06 line, up-regulation of CsACS11 expression was detected after 4 h of treatment with 0.1 mM ethephon (Fig. 1C) . Ethylene-induced expression of CsACS2 was also revealed in a qPCR assay (Fig. 1C) , confirming our results of semi-qRT-PCR previously (Li et al., 2012) . Relevant orthologous gene expression in the monoecious melon line 0426 under ethephon treatment was subsequently examined. Although no obvious changes to CmACS7 (CsACS2 ortholog) expression were observed (induction was detected early in the 2-h treatment; Supplementary Fig. S1 ), CmACS11 showed similar up-regulation to its cucumber ortholog (Fig. 1D) . We generated transgenic tobacco plants with pCsACS11:GUS and pCmACS11:GUS constructs and examined them using GUS staining; promoters of both CsACS11 and CmACS11 showed weak activity in tobacco leaves (Fig. 1E) . Furthermore, the results of GUS staining were strongly enhanced after ethephon treatment (Fig. 1E) , suggesting that exogenous ethylene strongly induced activity of the CsACS11 and CmACS11 promoters in tobacco plants. Together, these findings suggest that promoters of CsACS11 and CmACS11 are ethylene sensitive, with ethylene-induced expression both in cucumber and melon as well as tobacco plants.
A cucumber ERF gene shows similar expression in two kinds of cucumber plants with different mutant sex-determination genes
Because CsACS11 was regulated at the transcriptional level in the f mutant, we conducted RNA-Seq with the f mutants and WT. The primary results revealed 300 DEGs (see Supplementary Table S3 ). We analysed ethylene signalingrelated genes in these DEGs, and found that five candidate genes showed down-regulation in the f mutant plants (Table 1) . Three of them were thought to encode ERF, the remaining two potentially coding EIN3-binding F-box protein (EBF). To further filter the results and identify the genes involved in sex determination, expression patterns of all five genes were checked in the primary RNA-Seq data of another two sets of near isogenic lines (NILs) with mutations at the M/m locus (G34 and H34, WI1983G and WI1983H; Supplementary Table S3 ). The results revealed down-regulation in only one of the ERF genes (Csa6M017030) in the mutant m background (H34 and WI1983H) compared with the WT M lines (G34 and WI1983G) ( Table 1) . Expression of the remaining four genes indicated no difference (Csa3M135120, Csa2M006790, Csa3M878200) or no consistent trend (Csa2M177210). Moreover, the candidate genes also showed identical expression patterns in the qPCR assays as in RNA-Seq analysis (Fig. 2) , confirming reliability and reproducibility of the two sets of expression analysis.
CsERF110 and its melon ortholog (CmERF110) show typical characteristics of an ERF
Hu and Liu (2011) previously studied the ERF gene family in cucumber identifying 103 hypothetical ERF family genes, classified into 10 groups. The encoded protein of Csa6M017030 (Accession No. Csa005593 in Hu and Liu, 2011) was classified in Clade X, along with seven other homologues. We cloned the full-length sequence, revealing a 933-bp transcript encoding 310 amino acids (Fig. 3A) . The deduced protein sequence of Csa6M017030 showed highest similarity (46%) with Arabidopsis ERF110 and, therefore, the gene was subsequently named CsERF110. In melon, the encoded protein of MELO3C024989 was identified as having 82.82% amino acid identity with cucumber CsERF110, and the gene was therefore named CmERF110.
Alignment analysis further revealed that CsERF110 and CmERF110 share only one identical AP2/ERF domain (Fig. 3A) , the conserved sequence of which was confirmed in nine additional well-studied ERF genes (Fig. 3B) . Phylogram analysis of these ERFs revealed that CsERF110 and CmERF110 belong to a clade composed of reported functional ERFs (see Supplementary Fig. S2 ), suggesting that CsERF110 and CmERF110 are structurally and functionally conserved.
A CsERF110-GFP fusion construct was subsequently bombarded into onion epidermal cells to examine subcellular localization. As a result, the protein was found to exclusively target the nucleus (Fig. 3C) , suggesting that CsERF110 has a conserved role as a functional transcription regulator.
Expression of CsERF110 and CmERF110 is ethylene sensitive
Basal transcription levels of CsERF110 were examined in the WT Gy14 and one of the f mutant Gy14-M-63 lines. CsERF110 was expressed in all organs/tissues tested in Gy14, including the roots, stems, leaves, female flowers, and shoots, with slightly higher expression in female flowers (Fig. 4A) . The transcript of CsERF110 was almost undetectable in the Gy14-M-63 line (Fig. 4A) . To examine the endogenous ethylene response in cucumber, we used CsEBF1-1, the ortholog of which (CmEBF1) is reportedly an indicator of ethylene in melon (Switzenberg et al., 2014) . The accumulation of CsEBF1-1 transcript in the shoots and female flowers of Gy14 plants indicated a higher content and stronger response to endogenous ethylene in these parts of the gynoecious cucumber (Fig. 4A ). In addition, moderate expression of CsEBF1-1 was also detected in the leaves and stems of Gy14. In contrast, no obvious transcription was detected in the Gy14-M-63 line, suggesting low-level endogenous ethylene response in this f mutant line (Fig. 4A) . Taken together, these results suggest that CsERF110 is specifically expressed in the gynoecious line, while transcriptional activity is related to endogenous ethylene in above-ground parts. We also analysed expression of CmERF110 in the melon 0426 line, revealing no transcription as in the Gy14-M-63 line (data not shown).
Because the ethylene response is a feature of ERFs (Yang et al., 2015) , we examined the transcription changes in CsERF110 and CmERF110 after treatment with ethephon. In the Gy14-M-63 line, 4 h treatment with 0.1 mM ethephon Arabidopsis orthologs were identified as having the highest homology in the TAIR database (https://seqviewer.arabidopsis.org/). Negative values of log2-fold-change (log2FC) revealed down-regulated expression in mutant lines (Gy14M, H34, and WI1983H) compared with the respective WT (Gy14, G34, and WI1983G). ND, no data detected, because the gene show no significant changes in expression.
resulted in mRNA accumulation of all five ethylene signaling-related genes identified in RNA-Seq (Fig. 4B) . Similar rapid induction was also detected in CmERF110 (Fig. 1D) . In addition, a higher concentration and longer time of ethephon treatment did not arrest expression of CmERF110 (see Supplementary Fig. S1 ). The negative regulation of CsERF110 with ethylene inhibitor treatment was also examined in the cucumber Gy14 line. Both AVG and AgNO 3 treatment down-regulated transcriptional mRNA accumulation of CsERF110, along with the four remaining ethylene signaling-related genes identified in RNA-Seq (Fig. 4C) . AVG inhibits endogenous ethylene biosynthesis by inactivating ACS, while AgNO 3 breaks ethylene signaling by interrupting the interaction between ethylene and its primary receptor (e.g. ETR1). The low level of endogenous ethylene responses after AVG and AgNO 3 treatment were confirmed by down-regulation of all the ethylene signaling-related genes (Fig. 4C) . It was also verified that ethylene-related negative treatments arrest expression of CsERF110, which, together with the induced expression in the exogenous ethylene assay, suggests that expression of CsERF110 and CmERF110 responds to ethylene.
CsERF110 directly binds to the promoter sequence of CsACS11
Because both CsACS2 and CsACS11 expression positively responded to exogenous ethylene (Fig. 1C) , the direct interaction between these two genes and CsERF110 was studied. Analysis of the promoter sequences of CsACS2 and CsACS11 revealed a number of putative cis-acting elements for hormone responses including the cytokinin (CTK) response element (in both genes), ethylene responsive element (ERE, in both genes), gibberellin (GA) response element (in CsACS11), and abscisic acid (ABA) response element (in CsACS11) (Li et al., 2012;  Table 2 ). Notably, two DREs, representing the conserved region for known ERF binding, were revealed in the promoter sequence of CsACS11 (Table 2) .
We performed a yeast one-hybrid (Y1H) assay to examine combinations between CsERF110 and promoters of the two ACS genes in vitro. No direct binding was observed between CsERF110 and the CsACS2 promoter (data not shown); however, CsERF110 bound to the CsACS11 full-length promoter (positions −1995 to −1; Fig. 5A, B) . The two predicted DRE elements resided at −1870 to −1865 and −486 to −481 in the full-length promoter, respectively (Table 2; Fig. 5A ). The promoter fragment was subsequently truncated into two shorter sequences with and without the proximal DRE element (−486 to −481); namely, P1, and P2, respectively (Fig. 5A) . Y1H assays revealed that the combinations also emerged with both fragments (Fig. 5B) . Because the P2 fragment does not contain either of the two putative DRE elements, this result suggests that CsERF110 binding to the CsACS11 promoter does not occur via the conserved DRE-containing fragment, or that more than one site for CsERF110 binding exists. To further confirm whether CsERF110 interacts directly with the CsACS11 promoter, ChIP-PCR was performed. The CDS of CsERF110, fused to a sequence encoding a GFP, was infiltrated into leaves of transgenic tobacco plants harboring the pCsACS11:GUS construct (T-pCsACS11). Positive transformation results determined by GFP signals in the nucleus of epidermal cells (Fig. 5C) were obtained for the ChIP-PCR assay. The results suggest that the presence of CsERF110 substantially enhanced PCR-based detection of the CsACS11 promoter ( Fig. 5D; Supplementary Fig. S3 ), indicating that CsERF110 binds to the CsACS11 promoter in vivo. In addition, two fragments (PA1 and PA4; Fig. 5D ) showed higher activity to CsERF110 compared with adjacent sections in the proximal promoter region. These results suggest that there may be at least two sites (−622 to −526 and −175 to −1) involved in CsERF110 binding in the CsACS11 promoter. 
CsERF110/CmERF110 activates expression of CsACS11/CmACS11
We examined whether CsERF110 is able to induce expression of CsACS11. To do so, we developed several reporter and effector vectors (Fig. 6A ) using a GUS transactivation assay in tobacco plants. The effector vector of 35S:CsERF110 was infiltrated into transgenic tobacco plants (T-pCsACS11), revealing enhanced GUS staining indicating CsERF110-induced activity of the CsACS11 promoter (Fig. 6B) . When regulation of the CsACS11 promoter by CsERF110 was examined in WT tobacco leaves co-transformed with the 35S:CsERF110 and pCsACS11:GUS constructs, significantly enhanced GUS signals also confirmed CsERF110 activation of the CsACS11 promoter (Fig. 6C) . In addition, similar results were also observed after co-transformation with 35S:CmERF110 and pCmACS11:GUS constructs (Fig. 6C) . Together, these results suggest that CsERF110 induces expression of CsACS11, and the activated regulation is conserved in both cucumber and melon.
Discussion
A range of mutations in the ethylene pathway result in a variety of sex expression in the two Cucumis species
The plant hormone ethylene has a well-studied pathway of biosynthesis and signaling transduction, leading to a variety of biological responses. In Cucumis species such as cucumber and melon, ethylene functions distinctively in sex determination, a specific process of floral organ development that produces unisexual male and female flowers. Most known genes involved in cucumber and melon sex determination encode synthases involved in ethylene biosynthesis, such as CsACS1G, CsACS11/CmACS11, CsACS2, CmACS7, and CsACO2 (Trebitsh et al., 1997; Knopf and Trebitsh, 2006; Boualem et al., 2008 Boualem et al., , 2009 Boualem et al., , 2015 Li et al., 2009; Zhang et al., 2015; Chen et al., 2016) , which is not surprising given the important biochemical role of ethylene in this floral developmental process. Of these genes, mutations in CsACS2 and CmACS7 result in bisexual flowers, while mutations of CsACS11/CmACS11 and CsACO2 lead to changes from monoecious to androecious. All five mutant genes encode inactive enzymes in the ethylene biosynthesis pathway. However, the biochemical features of the F locus mutation, which results in phenotypic changes from gynoecious to androecious (or monoecious), differ. The F locus is associated with an additional copy of CsACS1 (CsACS1G, G=gynoecious specially; Trebitsh et al., 1997; Knopf and Trebitsh, 2006) . Zhang et al. (2015) suggested a tandem repeat structure of a 30-kb genomic fragment around CsACS1 in gynoecious cucumber, the 'junction point' of the two repeat fragments forming CsACS1G. A separate study in our lab revealed that the duplicated structure is genetically unstable, with a relatively considerable frequency of loss mutation in one of the two repeat fragments. We found that ordinary self-pollination with a gynoecious line (e.g. Gy14) could produce this phenomenon. The mutant lines in the selfprogeny population of Gy14 were used to analyse the genetic instability, and the three resulting samples (Gy14-M-17, Gy14-M-42, and Gy14-M-63) were identified as harboring mutations in the F/f locus after genome resequencing, and considered 'gynoecy-lost' plants (unpublished data).
However, except for the changes in sex expression, none of the mutant sex determination-related genes showed obvious phenotypic differences in vegetative growth in either cucumber or melon, suggesting that the sex determination-related genes involved in ethylene are strictly regulated.
Ethylene signaling plays a role in the interactions among sex determination-related genes, with ERF110 acting as a mediator
Genetic studies suggest that sex determination-related genes interact with each other to produce the final sex phenotype (see Introduction). We previously proposed that ethylene is directly involved in this interaction, and revealed ethylene-induced transcription of CsACS2 in cucumber (Li et al., 2012) . In this study, we confirmed exogenous ethylene-induced regulation of cucumber CsACS2 (Fig. 1C) , as well as its melon ortholog, CmACS7 (see Supplementary Fig. S1 ), first identified by Switzenberg et al. (2014) . In addition, ethylene-induced up-regulated transcription of CsACS11 and CmACS11 was also observed in cucumber and melon, respectively, as well as in transgenic tobacco plants (Fig. 1) . These findings confirm that ethylene signals are involved in regulation of CsACS2, CmACS7, CsACS11, and CmACS11 at the transcriptional level.
Next, we conducted transcriptome assays with sex determination-related mutant genes to explore the genes involved in ethylene reception and signaling transduction (Table 1; Supplementary Table S3) . Surprisingly, no ethylene receptor genes showed obvious expression changes in the DEGs, although down-regulation of CsETR1 was reported previously in female flowers (Wang et al., 2010) . In addition, CsACS1 and CsACS11, both of which showed down-regulated expression in the f mutant lines identified by qPCR assays (Fig. 1) , were also not found in the DEGs data (Supplementary Table S3 ). Because a DEG is identified as a gene showing at least a 2-fold change (log2-fold-change (log2FC)≥1.0 or ≤−1.0) in expression, CsACS1 (log2FC=−0.9690) and CsACS11 (log2FC=−0.9574) are excluded in the DEGs data. However, some ERF genes showed regular down-regulation in the f mutant lines. The pathway of ethylene signaling transduction, which starts with the primary receptors ETR1 and/or ERS followed by CTR1 then EIN2 and EIN3/EIL, is highly conserved in nearly all plants. Variation in ethylene signaling of downstream ERFs, which are thought to be direct targets of EIN3/EIL, is therefore thought to play an important role in the ethylene response (Pirrello et al., 2012) . Of the ERFs, CsERF110 showed similar expression in the f and m mutant lines compared with WT plants (Fig. 2) , and was therefore selected for further analysis of its effect on sex determination. Yang et al. (2015) proposed that the ERFs involved in ethylene signaling must have at least one of the following features. First, they should affect the ethylene response phenotype in transgenic plants; second, their expression should be altered by ethylene treatment; and third, they should affect ethylene biosynthesis and/or expression of biosynthesis/signaling-related or ethylene-responsive genes. Altered expression of CsERF110 and its melon ortholog, CmERF110, with ethylene treatment were confirmed by up-regulation after ethephon application ( Figs 1D, 4) . However, interestingly, increasing concentrations and long-term treatment did not inhibit expression of CmERF110 (see Supplementary  Fig. S1 ), differing from CsACS2, CmACS7, and CmACS11 (Li et al., 2012;  Supplementary Fig. S1 ). The dosagedependent effect of ethephon treatment is a transcriptional Fig. 6 . Regulation of the CsACS11/CmACS11 promoter by CsERF110/CmERF110. (A) Schematic diagram of the GUS reporter vector containing the CsACS11 or CmACS11 promoter, and the effector vector containing CsERF110 or CmERF110. A CaMV35S promoter fragment was cloned into the pCAMBIA1381 vector to generate a 35S:GUS construct with a positive reporter control (p35S). An empty vector, pGreen-35S:GFP, was used as a negative effector control (pGreen). (B) The CsERF110 effector was infiltrated into transgenic tobacco (T-pCsACS11 plants) leaves to analyse the regulation of GUS activity. (C) The CsERF110/CmERF110 effector alone or together with a reporter containing the CsACS11/CmACS11 promoter was infiltrated into wild-type tobacco leaves to analyse GUS activity. The tobacco leaves were examined as in Fig. 1E . E, effector; R, reporter. (This figure is available in color at JXB online.) feature of sex determination-related ACS genes in cucumber, with higher ethephon (>1.0 mM) and long-term treatment (>4 h) inhibiting transcription of CsACS2, possibly via programmed cell death (Wang et al., 2010; Li et al., 2012) . This finding suggests that feedback regulation between ethylene and its synthase (e.g. CsACS2, CmACS7, and CmACS11) may be lacking between ethylene and CmERF110. Moreover, this hypothesis further suggests that the ethylene response of CmERF110 occurs earlier and is more direct than the responses of CsACS2, CmACS7, and CmACS11.
Because a conserved ERF domain was found in CsERF110 and two DRE elements were predicted in the promoter region of CsACS11 ( Fig. 3; Table 2 ), we analysed the direct interaction between CsERF110 and ethylene biosynthesis genes related to sex determination. A Y1H assay indicated binding of CsERF110 to the CsACS11 promoter, as confirmed by ChIP-PCR analysis (Fig. 5) . We also revealed that the DRE-containing fragment is not required for this interaction, and moreover, that at least two sites possibly exist in the CsACS11 promoter for CsERF110 binding (Fig. 5) . The results from transgenic tobacco infiltration and WT tobacco co-transformation further indicated that CsERF110 and CmERF110 enhance the activity of CsACS11 and CmACS11 promoters, respectively (Fig. 6) , while the results of ChIP-PCR analysis suggest that CsERF110 activates expression of CsACS11 by directly interacting with its promoter. Taken together, these findings suggest that ethylene signaling induces CsERF110 in the nucleus (Fig. 3C) , after which CsERF110 binds to the CsACS11 promoter and activates transcription. Up-regulation of CsACS11 subsequently produces more endogenous ethylene in developing floral buds, affecting downstream genes involved in sex determination.
Origin of the endogenous ethylene signals interacting with CsACS11/CmACS11 is the next problem
Our results suggest that expression of CsACS11 responds to ethylene. Understanding where these ethylene signals come from is therefore the next step. In cucumber, because of constant expression in all gynoecious lines, the F gene (CsACS1G) is thought to act upstream during sex determination (Knopf and Trebitsh, 2006) . Ethylene produced by CsACS1G might therefore induce CsACS11, as observed in the different expression assays with Gy14 and the 'gynoecy-lost' lines (Fig. 1A) . In addition, CsACS2 (M gene) also encodes ACS, increasing ethylene production . We previously suggested positive feedback in the regulation of CsACS2 via ethylene signaling (Li et al., 2012) . Since no ERFs identified in this study interacted with the CsACS2 promoter, and since co-expression was observed between CsACS11 and CsACS2 in female floral buds (Saito et al., 2007; Boualem et al., 2015) , we propose that the endogenous ethylene produced by CsACS2 may also induce CsACS11 expression. Activated CsACS11 will subsequently maintain expression of CsACS2 by depressing transcription of CsWIP1.
However, this hypothesis does not explain how expression of CmACS11 is activated in melon, and how expression of CsACS11 is activated in female floral buds in monoecious cucumber plants, since the F gene does not exist under either condition. Nevertheless, other cis-acting elements were identified in the gene promoter (Table 2) , and the promoters of CsACS11/CmACS11 showed relatively higher activity compared with CsACS2 and CmACS7 in a noninduced environment, such as in the f mutant cucumber lines (Fig. 1A, B ) and transgenic tobacco plants (Fig. 1E) . Thus, CsACS11/CmACS11 may have other regulation mechanisms besides ethylene signaling.
In conclusion, we show that CsERF110 and CmERF110 respond to ethylene signaling, directly inducing expression of the sex determination-related genes CsACS11 and CmACS11 in cucumber and melon, respectively.
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